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are resistant to primary but susceptible to secondary Eimeria papillata
infections
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Abstract Two distinct mechanisms seem to function in
reducing oocyst output during Eimeria papillata infections in mice. For naive mice, immunity was aorded by a
T-cell-independent gamma-interferon (IFN-c) response
mediated by natural killer (NK) cells. On reinfection,
resistance was associated with T-cells and, to a lesser
extent, perforin. To determine if antigen presentation
with major histocompatibility complex (MHC) molecules was required to control oocyst production by NK
cells during primary infection or by T-cells during secondary infection, mutant mice that lacked H2-IAbb
(Abb)/)) or b2-microglobulin (b2m)/)) were used. Since
MHC molecules are required for the maturation of ab
T-cells, Abb)/) and b2m)/) mutant mice are also de®cient in functional ab+CD4+ or ab+CD8+ T-cells,
respectively. As compared with wild-type control mice,
oocyst output by mutant mice was not signi®cantly affected during primary infection, suggesting that the
ability of NK cells to control parasite replication is not
dependent on the expression of MHC molecules. On
reinfection, dierences were observed for mutant mice as
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compared with controls. Abb)/) mice were found to be
more susceptible than b2m)/) mice, suggesting that the
ab+CD4+ T-cell subset plays a greater role in resistance
to reinfection than does the ab+CD8+ T-cell subset.
The mechanism of resistance depends on the immune
status of the host and requires the coordinated interaction of both ab+ T-cell subsets for optimal parasite
control during subsequent infections.

Introduction
Eimerian parasites are intestinal intracellular protozoa
that can cause severe economic damage for agricultural
producers of poultry and cattle who utilize intensive
rearing practices. Genetically altered immunode®cient
mice provide ideal subjects for the elucidation of immune constituents involved in limiting or exacerbating
host-Eimeria interactions. In the murine model, immunity to primary infection appears to be mediated by
CD4+ T-lymphocytes for E. vermiformis (see Rose et al.
1988), E. pragensis (see Rose et al. 1992), and E. falciformis (see Shi et al. 1989). In the case of E. vermiformis
infection, parasite replication is controlled by gammainterferon (IFN-c), which by itself enhances the host
cells' ability to inhibit sporozoite penetration and replication (Rose et al. 1989, 1991). Using monoclonal antibody depletions, natural killer (NK) and cd+ T-cells
were shown not to aect E. vermiformis oocyst output
(Rose et al. 1996; Smith et al. 1994), which suggests that
these cells are not involved in modulating parasite replication. However, E. papillata infections appear to be
controlled by a T-cell-independent mechanism during
primary infection. Oocyst output was not signi®cantly
higher in E. papillata-infected immunode®cient SCID
mice as compared with congeneic BALB/c mice (Schito
et al. 1996). We have used monoclonal antibody NK1.1-depleted, T/NK-de®cient (Tge26++), and IFN-c
knock-out mice to show that NK-cell-derived IFN-c
mediates immunity in mice infected with E. papillata
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(Schito and Barta 1997). Therefore, all murine coccidia
examined thus far appear to be controlled by IFN-c
during primary infection.
During reinfection, resistance was shown to be
mediated by an IFN-c-independent mechanism for
E. vermiformis (see Rose et al. 1989) and E. papillata
(Schito and Barta 1997). Immunity to E. papillata was,
in part, mediated by perforin during secondary infection
(Schito and Barta 1997), which suggests that CD8+ Tcells may play a role. Likewise, CD8+ T-cells were
partially responsible for resistance to E. vermiformis and
E. pragensis in reinfected mice (Rose et al. 1992).
In the present study we examined oocyst output in
b2m)/) and Abb)/) knock-out mice in comparison with
wild-type control mice during primary and secondary
E. papillata infections. These genes are essential for the
assembly, surface expression, and antigen presentation
of major histocompatibility complex (MHC) class I or II
molecules (Cosgrove et al. 1991, Zijlstra et al. 1990).
Most ab T-lymphocytes require MHC molecules to
complete their thymic maturation. Thus, mice de®cient
of MHC class I or II molecules are virtually devoid of
functional CD8+ or CD4+ ab T-lymphocytes, respectively (Grusby et al. 1991, Koller et al. 1990). Our results
suggest that MHC antigen presentation is not involved
in controlling immunity to E. papillata during primary
infection but is involved during secondary infection. It
appears that ab+CD4+ T-cells are more critical than
ab+CD8+ T-cells during reinfection since MHC class
II-de®cient mice were more susceptible than MHC class
I-de®cient mice.

Materials and methods
Animals
Male mice, purchased from Taconic (Germantown, N.Y.), were
used at 6 weeks of age and kept in barrier-isolated facilities within
microisolator cages. Six mice of each of the following strains were
used throughout the experiment: MHC class I knock-out (C57BL/
6GphTacfBR-[KO] b 2m N5), MHC class I wild-type control
(C57BL/6GphTacfBR-[KO] b 2m N6), MHC class II knock-out
(C57BL/6TacfBR-[KO]Abb N5), and MHC class II wild-type
control (C57BL/6TacfBR-[KO]Abb N6).

Results
Antigen presentation via MHC is not involved
in immunity to primary infection
The involvement of T-lymphocytes in immunity to primary infection has been demonstrated for a variety of
Eimeria species in the mouse (Rose et al. 1985), rat
(Rose and Hesketh 1979), and chicken (Lillehoj 1987).
Immunity against primary infection with E. papillata
was not signi®cantly aected in SCID mice as compared
with congeneic BALB/c mice (Schito et al. 1996), which
suggests that T- and/or B-lymphocytes are not involved
in mediating immunity during primary infection.
Antibodies are probably not involved in immunity to
E. papillata because of the parasites' intracellular location and short life cycle (ca. 4 days). Oocyst output was
found to be signi®cantly higher in NK-cell-depleted
(NK1.1), T- and NK-cell-de®cient (Tg e 26++), and
IFN-c knock-out mice, suggesting that oocyst output is
controlled by the presence of NK cells and the production of IFN-c (Schito and Barta 1997).
During primary infection, oocyst output was not
signi®cantly aected in either class I- or class II-de®cient
mice as compared with controls (Fig. 1A,C), con®rming
that neither ab+CD4+ nor ab+CD8+ T-cells are involved in mediating immunity to E. papillata infection in
naive mice. The inability of MHC class I knock-out mice
to present antigens by b2m-dependent classic and nonclassic molecules did not aect the ability of NK cells to
mediate immunity.
Recent studies suggest that NK cells exhibit speci®city
for MHC class I molecules when interacting with target
cells (Hoglund et al. 1997; Raulet 1996). Ly49 receptors
expressed by NK cells mediate the interactions against
MHC class I target cells and function as cytotoxic inhibitory signals (Nakamura et al. 1997; Salcedo et al.
1997). Therefore, the balance between activation and inhibitory signals received by NK cells determines NK-cell
lytic activity. MHC class I knock-out mice are incapable
of presenting antigens by b2m-dependent classic and nonclassic molecules. Oocyst output was not aected in b2m
knock-out mice as compared with wild-type control mice,
which suggests that disruption of this pathway did not
aect the ability of NK cells to mediate immunity.

Parasite inoculation, collection, and enumeration
Mice were inoculated orally with 103 surface-sterilized sporulated
oocysts of Eimeria papillata in 10 ll saline using a 20-ll micropipettor as previously described (Schito et al. 1996). Fecal samples
from individual mice were collected once every 24 h until oocyst
shedding could no longer be detected. During patent infections,
cages were changed daily to eliminate reinfection. Oocysts were
counted using McMaster counting chambers, and the results are
expressed as numbers of oocysts per gram wet feces as previously
described (Schito et al. 1996). Mice were experimentally reinfected
at 30 days postinfection (p.i.) for secondary infections and fecal
samples were collected as described above. Student's t-test was
used to determine if oocyst output in knock-out mice were
signi®cantly dierent from that in wild-type control mice
(P < 0.05).

Role of MHC class I and CD8 T-lymphocytes
during secondary infection
Previously, we observed that perforin knock-out mice
were more susceptible to secondary E. papillata infection
but that this mechanism was only partially responsible
for resistance (Schito and Barta 1997). We hypothesized
that CD8+ T-cells might mediate immunity by a
perforin-dependent mechanism because resistance is
T-cell-dependent. Our results con®rm that ab+CD8+
T-cells play a small but signi®cant role in immunity to
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Fig. 1A±D Primary and secondary induced infections in
knock-out and control mice
using 103 Eimeria papillata
oocysts. A Oocyst output during primary infections in b2m)/)
(m) and wild-type control (n)
mice. B Oocyst output during
secondary infections in b2m)/)
(r) and wild-type control (e)
mice. C Oocyst output during
primary infections in Abb)/)
(d) and wild-type control (s)
mice. D Oocyst output during
secondary infection in Abb)/)
(n) and wild-type control (h)
mice. Data represents values for
the mean oocyst output of 6
mice  SE. Statistically signi®cant dierences (P < 0.05) between knock-out and control
mice are indicated by an
asterisk

reinfection (Fig. 1B). Furthermore, oocyst production in
b2m-de®cient mice appears to be similar to that in perforin knock-out mice, which strengthens the notion that
immunity to E. papillata during secondary infection is
mediated in part by a perforin-dependent mechanism via
ab+CD8+ T-lymphocytes.
Role of MHC class II and CD4 T-lymphocytes
during secondary infection
Resistance to E. papillata during secondary infection is
mediated by T-cells via an IFN-c-independent mechanism (Schito and Barta 1997). As compared with primary infections, mesenteric lymph-node lymphocytes
stimulated with concanavalin A (Con-A) or parasite
antigens secreted interleukin 2 (IL-2) at higher concentrations and at earlier time points during secondary
infections (Schito et al. 1998). For MHC class II-de®cient mice, oocyst output during secondary infection was
signi®cantly higher at all time points as compared with
wild-type control mice (Fig. 1D). This result suggests
that antigen presentation by MHC class II molecules
and, therefore, ab+CD4+ T-lymphocytes, constitutes a
major event in the suppression of parasite proliferation
during secondary infection.

Discussion
The evidence provided from these experiments supports
the view that T- and B-cells do not play a role in re-

ducing oocyst output during primary infection. The
ability of b2m)/) and Abb)/) mutant mice to control
oocyst production correlates well with previous observations that implicate nonspeci®c eector cells, including neutrophils and NK cells, in the mediation of
protective primary immune responses (Schito and Barta
1997).
Mice reinfected with either Eimeria vermiformis,
E. pragensis, or E. papillata require T-lymphocytes to
reduce oocyst production signi®cantly (Rose et al. 1992;
Schito et al. 1996). Although b2m)/) and Abb)/) mutant
mice are devoid of ab+ T-cell subsets, the development
and phenotype of cd+ T-cells present in lymphoid and
mucosal tissues of these mice are the same as those of
wild-type control mice (Bigby et al. 1993; Raulet 1994;
Schleussner and Ceredig 1993). However, oocyst output
in E. vermiformis-infected mice made de®cient in cd+
T-cells by antibody depletion (Rose et al. 1996) or gene
ablation (Roberts et al. 1996) is not signi®cantly aected
as compared with that in control mice. Higher numbers
of intestinal ab+ T-cells were seen in BALB/c mice reinfected with E. papillata as compared with control mice,
whereas intestinal cd+ T-cells were not signi®cantly affected (Schito et al. 1998). Although possible, it is unlikely that the outcomes in this study were eected by
cd+ T-cells.
We have previously suggested that CD8+ T-cells
are capable of killing target cells by an IL-2, perforindependent mechanism in mice reinfected with E. papillata (Schito and Barta 1997). The ability of b2m)/)
mice to resist reinfection to a greater extent than other
immunode®cient mice may be due to compensatory
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mechanisms. For example, T-cells expressing CD8 alpha
homodimers are present in the intestinal intraepithelial
compartments of b2m)/) mice (Fujiura et al. 1996;
Neuhaus et al. 1995) and are functional with respect to
cytokine production and cytolytic activities (Emoto et al.
1996).
As compared with wild-type controls, Abb)/) mutant
mice are more susceptible to secondary E. papillata infection. Using Abb)/) mutant mice, oocyst output was
consistently lower throughout secondary infections (on
average by 0.5 log) in comparison with oocyst output
during primary infections. Although a naive group of
Abb)/) mutant mice were not run in parallel during
secondary infections, we believe that the dierence is due
to ab+CD8+ T-cells. For ab+CD8+ T-cells to perform
their cytotoxic activities in Abb)/) mutant mice, an alternative source of IL-2 is required because these mice
lack functional ab+CD4+ T-cells. Denkers et al. (1996)
have recently shown that CD4+ NK1.1+ lymphocytes
can produce IL-2 for the generation of cytotoxic CD8+
T-cells in MHC class II knock-out mice.
In summary, primary E. papillata infections are not
aected by the lack of MHC class I or class II molecules,
indicating that NK cells can control oocyst output in the
absence of classic antigen presentation. When reinfected,
Abb)/) mutant mice are more susceptible than b2m)/)
mutant mice as compared with wild-type controls.
Therefore, immunity to E. papillata is not mediated by
ab+CD4+ or ab+CD8+ T-cells during primary infection but is mediated during secondary infection by
ab+CD4+ T-cells, with ab+CD8+ T-cells playing a
minor role. Although the data support a multifactorial
immune response for protection, the cellular phenotypes
responsible dier, depending on the parasite species and
the immune status of the host.
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